BMϪ/Ϫ bladders exhibited higher levels of Cdo and Boc, hedgehog coreceptors that enhance sensitivity to Shh, compared with control bladders. In conclusion, loss of Fgfr2 in the bladder mesenchyme leads to abnormal bladder morphology and decreased compliance and contractility. bladder development; bladder dysfunction; fibroblast growth factor receptor 2 MURINE BLADDER DEVELOPMENT begins at embryonic day (E)10.5, when the cloaca is subdivided into the urogenital sinus ventrally and the anal canal dorsally (5). At E13.5, the bladder urothelium induces the surrounding mesenchyme to begin differentiating into the inner lamina propria and outer smooth muscle layers (5). Secretion of sonic hedgehog (Shh) by the bladder urothelium is a major inducer for mesenchymal patterning (5, 7, 8, 20) . The E16.5 bladder begins receiving urine from the newly developed metanephric nephrons.
MURINE BLADDER DEVELOPMENT begins at embryonic day (E)10.5, when the cloaca is subdivided into the urogenital sinus ventrally and the anal canal dorsally (5) . At E13.5, the bladder urothelium induces the surrounding mesenchyme to begin differentiating into the inner lamina propria and outer smooth muscle layers (5) . Secretion of sonic hedgehog (Shh) by the bladder urothelium is a major inducer for mesenchymal patterning (5, 7, 8, 20) . The E16.5 bladder begins receiving urine from the newly developed metanephric nephrons.
While fibroblast growth factor (Fgf) receptor (Fgfr) activity is critical for kidney development (10 -12, 21-25, 32, 35) , little is known about its role in bladder morphogenesis. Fgfrs are a family of four receptor tyrosine kinases with up to 22 Fgf ligands (15) . While Fgf10 affects bladder urothelial cell patterning, no published data exist on Fgfr actions in the developing bladder mesenchyme (9) . Although Fgfr2 is expressed in the bladder urothelium and mesenchyme (12) , its roles are unclear, as global Fgfr2 deletion results in early embryonic lethality (2) .
Using a Tbx18cre line to delete Fgfr2 in E10.5 peri-Wolffian duct stroma, we observed ureteric bud induction defects, abnormal ureteral insertion into the bladder, and high rates of postnatal vesicoureteral reflux (32) . Subsequently, we observed that the Tbx18cre line drove cre expression throughout the E13.5 bladder mesenchyme. Closer inspection of embryonic and early postnatal mutants revealed a previously unrecognized expansion in the bladder lamina propria volume and a reduction in the detrusor muscle volume versus littermate controls. Postnatal mice had worsening muscle loss and fibrosis with correlative contractility defects, poor compliance, and voiding dysfunction. Mutant embryos had augmented hedgehog signaling, likely by derepression of Cdo and Boc expression (hedgehog coreceptors).
MATERIALS AND METHODS

Mouse strains. To visualize Tbx18cre expression in the developing bladder, Tbx18cre
Tg/ϩ mice (gift from Feng Chen) (33) were bred with Rosa-CAG-LSL-tdTomato-WPRE (CAG) reporter mice (The Jackson Laboratory, Bar Harbor, ME), which express red fluorescent protein (RFP) in all cre-positive derivatives (Tbx18cre Tg/ϩ CAG mice). For subsequent experiments, Tbx18cre
Tg/ϩ mice were bred with Fgfr2
Lox/Lox mice (gift from David Ornitz) (34) to produce Tbx18cre
Tg/ϩ Fgfr2 Lox/Lox mice with conditional deletion of Fgfr2 within the bladder mesenchyme (Fgfr2 BMϪ/Ϫ mice). All experiments were carried out with the approval of the Institutional Animal Care and Use Committee of the University of Pittsburgh.
Genotyping. Genotyping was performed as previously described (32) . Briefly, embryonic tissues or tail clippings were digested overnight, after which DNA was precipitated and resuspended. PCR was then performed to detect the various alleles (see Table 1 for the primer pairs used).
Three-dimensional reconstructions. Three-dimensional (3-D) reconstructions of E13.5, E16.5, and postnatal day (P)1 bladder tissues were performed as previously described (12) . Briefly, paraffin-embedded control and Fgfr2 BMϪ/Ϫ tissues were serially sectioned (embryonic tissues at 6 m and postnatal tissues at 10 m) through the entire bladder and stained with hematoxylin and eosin (H&E). Individual images were projected to a monitor, and bladder layers were traced. Layers were stacked, and a 3-D reconstruction was rendered (Stereo Investigator, MBF Bioscience, Williston, VT). Volumetric analyses were performed on all reconstructed models (n ϭ 4 per genotype, Neurolucida Explorer, MBF Bioscience).
In situ hybridization. In situ hybridization was performed on 6-m paraffin cross-sections through the bladder of control and Fgfr2 BMϪ/Ϫ embryos. Briefly, digoxigenin UTP-labeled antisense RNA probes were generated using a DIG RNA labeling kit (catalog no. 11175025910, Roche, Basil, Switzerland) against the genes shown in Table 2 . Hybridized probes were detected in sections via anti-digoxigenin-AP Fab fragments (catalog no. 11093274910, Roche) and developed in BM purple (catalog no. 11442074001, Roche). Color reactions were stopped with double distilled H 20, mounted with aqueous mounting media, and visualized.
Quantitative PCR. Quantitative PCR was performed as previously described (31) . Briefly, Fgfr2
BMϪ/Ϫ and control bladders (n ϭ 6) were collected, and RNA was extracted using a Mini-prep kit (catalog no. 74704, Qiagen, Valencia, CA). Quantitative PCR primers for ␣-smooth muscle actin (␣-SMA), collagen type Ia (Col1a), collagen type IIIa (Col3a), Shh, patched homolog 1 (Ptch1), Gli1, hedgehoginteracting protein (Hhip), bone morphogenetic protein 4 (Bmp4), growth arrest specific 1 (Gas1), Boc, Cdo, and Gapdh (endogenous control) were designed using Primer3 software (28) . SsoAdvanced universal SYBR green supermix master mix (catalog no. 1725272, Bio-Rad, Hercules, CA) was used on an ABI 7900 HT Real Time PCR System (Applied Biosystems, Foster City, CA) to detect mRNA expression levels. n ϭ 6 samples/genotype were used for analysis.
Histology and immunohistochemistry. For histology, paraffin-embedded tissues were sectioned at 6 m and stained with H&E or Mason's trichrome. For immunohistochemistry, paraffin sections were dewaxed, antigen retrieved, blocked, and incubated overnight with antibodies against ␣-SMA (1:250, catalog no. A5528, SigmaAldrich, St. Louis, MO), E-cadherin (1:250, catalog no. 13-1900, Life Technologies, Pittsburgh, PA), Col1a (1:250, catalog no. 1310-01, SouthernBiotech, Birmingham, AL), or Col3a (1:250, catalog no. 1330-01, SouthernBiotech) at 4°C. Sections were then washed and incubated with secondary antibodies (rabbit anti-mouse 594: 1:500, catalog no. A-21205; or sheep anti-goat 488: 1:500, catalog no. A-11055, Molecular Probes, Grand Island, NY) and 4=,6-diamidino-2-phenylindole (DAPI; 1:10,000, catalog no. D9542, Sigma-Aldrich). Sections were then washed, mounted, and visualized.
Apoptosis, proliferation, and cell counting. To identify proliferating cells, immunohistochemistry was performed using primary antibodies against phospho-histone H3 (1:200, catalog no. 9701, Cell Signaling, Beverly, MA), secondary sheep anti-goat 488 antibodies (1:500), and DAPI (1:10,000) as described above. For each assay, immunohistochemistry was performed on cross-sections through the dome, midpoint, and neck regions of each E16.5 bladder. After staining, the mean value for all sections in a single bladder was used to generate a representative value for each bladder per genotype (n ϭ 4 per genotype). To identify apoptotic cells, TUNEL was performed on paraffin-embedded tissue sections via an ApopTag Fluorescein Direct In Situ Apoptosis Detection Kit (catalog no. S7160, EMD Millipore, Darmstadt, Germany) according to the manufacturer's instructions (in similar cross-sections as for proliferation). DAPIpositive nuclei within the lamina propria were also counted in crosssections through the dome, midpoint, and neck regions of each E16.5 bladder. Quantification of apoptosis, proliferation, and lamina propria cell number (in cells/area) was determined (n ϭ 4 samples per genotype per assay) was performed using ImageJ software (National Institutes of Health, Bethesda, MD).
Western blot analysis. Protein samples (30 g each) from whole embryonic and postnatal bladders were resolved in 8% SDS-Tris gels (catalog no. 161-0732, Bio-Rad). Proteins were electrotransferred to nitrocellulose membranes (catalog no. 162-0115, Bio-Rad), blocked with 5% nonfat dry milk in Tris-buffered saline-Tween 20, and incubated overnight at 4°C with primary antibodies (␣-SMA: 1:2,000, Sigma-Aldrich; Gli1: 1:1,000, catalog no. 2534, Cell Signaling; ␣/␤-tubulin: 1:1,000, catalog no. 2148, Cell Signaling). BMϪ/Ϫ mice (n ϭ 8) were placed individually in metabolic cages lined with Whatman paper. Mice were given ad libitum access to food and water for a 4-h period. After this period, mice were returned to home cages, Whatman papers were collected, and urine stains were photographed using an ultraviolet light box. All images were subsequently analyzed using ImageJ software.
Bladder sheet assays. Bladder sheet assays were performed as previously described (13) . Briefly, bladders were dissected from male control and Fgfr2 BMϪ/Ϫ mice (n ϭ 3 per genotype) and incubated at 37°C for 30 min in Ca 2ϩ -free Tyrode solution. After incubation, bladders were cut along the dorsal aspect to form a sheet. Sheets were 
Bmp4, bone morphogenetic protein 4; Hhip, hedgehog-interacting protein; Ptch1, patched homolog 1; Shh, sonic hedgehog. then pinned to the fixed platform (with the mucosal surface facing up) in the recording chamber, with the dome tied to a stainless steel bar connected to a tension transducer. Contractile activity was measured through a tension transducer attached to an oil hydraulic micromanipulator (Narishige, East Meadow, NY) and computer controlled through a stepper motor to allow precise increments of stretch. Recording chambers were placed on a Peltier block (University of Pittsburgh Machine and Electronics shops) to maintain the temperature at 37 Ϯ 0.5°C and superfused with Tyrode solution at a rate of 1 ml/min. Bladder sheets were stretched to 1 g of resting tension, and all preparations were allowed to equilibrate for at least 30 min.
For agonist treatment, ␣,␤-methylene ATP and carbachol were added to equilibrated bladder sheets at physiological concentrations, with the force contraction of the bladder recorded after administration. Bladders were then washed out and returned to equilibrium before subsequent agonist administration. For electrical field stimulation, equilibrated bladder sheets were stimulated at 30-s intervals with increasing electrical frequency ranging from 8 to 20 Hz. Contractile responses of bladders after each stimulation were recorded as previously described in Ref. 13 .
In vivo cystometry. Male P30 control and Fgfr2 BMϪ/Ϫ mice were anesthetized with isoflurane and intubated via a small incision using polyethylene-60 tubing. The skull was exposed, and the forepart to the lambdoid suture was removed. The brain stem was sectioned at the supracollicular level, tissues rostral to the section were withdrawn, and anesthesia was discontinued. After supracollicular decerebration, the bladder was exposed via a midline abdominal incision. A flanged polyethylene-50 catheter was passed through a small opening at the apex of the bladder dome and secured with suture. The catheter was connected by a three-way stopcock to an infusion pump (PUMP 33, Harvard Apparatus) and a pressure transducer (World Precision Instruments) joined to a transbridge (4M, World Precision Instruments). Intravesical pressure recordings were made by continuously infusing saline (25°C) at a constant rate of 0.01 ml/min. Mice were observed for voiding, and voiding contractions were marked.
Statistics. Student's t-tests were conducted where appropriate using GraphPad Prism 5 (GraphPad Software, La Jolla, CA).
RESULTS
Fgfr2 is deleted in the E13.5 Fgfr2
BMϪ/Ϫ bladder mesenchyme. In E13.5 Tbx18cre
Tg/ϩ CAG bladders, RFP was expressed only in the bladder mesenchyme ( Fig. 1) . Moreover, while in situ hybridization revealed Fgfr2 mRNA expression in both the urothelium and mesenchyme in E13.5 control mice, E13.5 Fgfr2 BMϪ/Ϫ mice had selective loss of Fgfr2 in the bladder mesenchyme (Fig. 1) . Quantitative PCR revealed an ϳ50% reduction in Fgfr2 mRNA in E13.5 Fgfr2 BMϪ/Ϫ versus control whole bladders (Fig. 1) (Fig. 2) . Given that bladder muscle development starts at the top of the bladder dome and extends gradually to the neck region, we also performed 3-D analysis of the dome half and neck half of developing bladders separately. As was true for the total bladder, we observed no differences between E13.5 control and Fgfr2 BMϪ/Ϫ bladder dome and neck tissue composition or volume (Fig. 2) . By E16.5, however, Fgfr2 BMϪ/Ϫ bladders exhibited regions of thin detrusor muscle and thickened lamina propria by H&E staining versus age-matched control bladders (Fig. 3) . Furthermore, whereas 3-D reconstructions revealed no differences in total bladder and urothelial mean volumes in E16.5 mutants, the mean volume of the lamina propria was increased versus controls ( Fig. 3 ). In addition, E16.5 Fgfr2 BMϪ/Ϫ bladder dome regions had a statistical increase in lamina propria tissue volume and neck regions had a significant decrease in smooth muscle volume compared with age-matched control bladder dome regions (Fig. 3) . Finally, as a percentage of total, dome, and neck bladder volume, E16.5 mutant muscle was decreased, lamina propria was increased, and the urothelium was unchanged versus controls.
We then determined if E16.5 mutants had alterations in bladder composition. Immunolabeling revealed robust ␣-SMA staining in outer mesenchymal layers of control bladders but less intense regional staining in Fgfr2 BMϪ/Ϫ bladders (Fig. 4 ). Quantitative PCR and Western blot analysis confirmed reduced ␣-SMA mRNA and protein levels in Fgfr2 BMϪ/Ϫ versus agematched control bladders (Fig. 4 ). Col1a and Col3a immunolabeling revealed more intense signals in E16.5 mutant versus control lamina propria (Fig. 4) . Furthermore, Fgfr2 BMϪ/Ϫ bladders had collagen fibrils infiltrating into the muscle layer, which were not seen in control bladders (Fig. 4) . Quantitative PCR and collagen assays confirmed increases in Fgfr2 BMϪ/Ϫ bladder collagen mRNA and protein (Fig. 4) to alterations in apoptosis or proliferation. While the mutant lamina propria and urothelium had similar low levels of apoptosis versus controls (not shown), E16.5 Fgfr2 BMϪ/Ϫ bladder muscle had a statistical increase in the number of apoptotic cells compared with age-matched control bladder muscle (Fig.  5) . Conversely, whereas E16.5 Fgfr2 BMϪ/Ϫ bladder lamina propria and urothelial proliferation rates were similar to con- BMϪ/Ϫ (D) versus control (C) bladders. *Lumen. E: graph of 3D bladder reconstructions confirming comparable total bladder (BV), muscle, lamina propria, and urothelial (Uro) mean volumes in E13.5 controls and mutants. F: graph showing that when normalized to total bladder volumes, mean muscle, lamina propria, and urothelial volume percentages were comparable between Fgfr2 BMϪ/Ϫ and age-matched control bladders. G: graph of 3-D bladder "dome" reconstructions confirming comparable bladder, lamina propria, and urothelial mean volumes in E13.5 controls and mutants. H: graph demonstrating that when normalized to bladder dome volume, muscle, lamina propria, and urothelial volume percentages were comparable between Fgfr2 BMϪ/Ϫ and control bladders. I: graph of 3-D bladder neck reconstructions confirming comparable bladder, lamina propria, and urothelial mean volumes in E13.5 controls and mutants. J: graph showing that when normalized to bladder neck volume, muscle, lamina propria, and urothelial volume percentages were comparable between Fgfr2 BMϪ/Ϫ and agematched control bladders. Values are means Ϯ SD. Scale bars ϭ 150 m in A and B. trols (not shown), mutant muscle did exhibit a statistical decrease in cell proliferation compared with age-matched control muscle (Fig. 5) . Although we did not observe changes in lamina propria apoptosis or proliferation between genotypes, Fgfr2 BMϪ/Ϫ bladders did have significant increases in both mean lamina propria cell number per cross-section and mean cell density within the lamina propria compared with agematched control bladders (Fig. 5) (Fig. 6) . 3-D reconstructions confirmed that mean Fgfr2 BMϪ/Ϫ total bladder and bladder muscle volumes were reduced versus controls (Fig. 6) . As a percentage of total bladder volume, P1 mutant muscle was decreased, mutant lamina propria was increased, and the urothelium was unchanged versus control muscle (Fig. 6) . Immunostaining, quantitative PCR, and Western blot analysis revealed reduced ␣-SMA expression in P1 mutant versus control bladder muscle (Fig. 7) . Immunostaining revealed more apparent Col1a infiltration in mutant versus control muscle, whereas Col3a staining was not notably different (Fig. 7) . By quantitative PCR, Col1a mRNA was significantly increased, and Col3a showed a trend for being increased in P1
Fgfr2
BMϪ/Ϫ versus age-matched control bladders. Collagen assays revealed significant increases in P1 Fgfr2 BMϪ/Ϫ versus control bladder protein levels (Fig. 7) .
P30 control and Fgfr2 BMϪ/Ϫ bladders were still similar in overall size; however, the mutants had markedly thinner bladder walls, resulting in larger lumens than controls (Fig. 8) . Trichrome staining also showed extensive collagen infiltration in the mutant detrusor layer relative to controls (Fig. 8) . Quantitative PCR and Western blot analysis revealed less ␣-SMA in P30 Fgfr2 BMϪ/Ϫ versus control bladders (Fig. 8) . Finally, quantitative PCR and collagen assays revealed more collagen mRNA and protein in Fgfr2 BMϪ/Ϫ versus control bladders (Fig. 8) .
Postnatal Fgfr2 BMϪ/Ϫ mice exhibit bladder dysfunction. To evaluate functional defects in P1 and P30 Fgfr2 BMϪ/Ϫ mice, we first performed assays in isolated bladder sheets. Stimulation with either ␣,␤-methylene ATP (purinurgic agonist) or carbachol (muscarinic agonist) elicited a marked reduction in the Fgfr2 BMϪ/Ϫ bladder sheet contractile response versus controls at both ages (Fig. 9) . Electrical field stimulation revealed no differences in P1 mutants versus controls (data not shown), whereas P30 mutants had attenuated contractile responses (Fig.  9) . With passive stretch, P1 and P30 Fgfr2 BMϪ/Ϫ bladder sheets had increased tension (leftward shift of the curves) versus control bladder sheets, indicating decreased compliance (Fig. 9) .
We then performed in vivo functional analyses in P30 mice. First, void stain on paper assays revealed that control mice BMϪ/Ϫ mice had urethral obstruction, we serially sectioned through E14.5 and P1 Fgfr2 BMϪ/Ϫ male mice from the bladder to the end of the urethra. The urethra was patent throughout its length at both ages ( Fig. 10 and not shown) . In addition, Tbx18cre 
Shh signaling is inappropriately unregulated in embryonic Fgfr2
BMϪ/Ϫ bladders. At E13.5, in situ hybridization and quantitative PCR revealed no changes in Shh or hedgehog target gene expression in Fgfr2 BMϪ/Ϫ bladders (not shown). At E16.5, Shh expression still appeared similar in the mutant and control urothelium by in situ hybridization; however, expression of multiple hedgehog readouts appeared to be increased in the Fgfr2 BMϪ/Ϫ mesenchyme, including Ptch1, Hhip, and Bmp4 in the lamina propria and Gli1 in the lamina propria and muscle layer (Fig. 11) . Moreover, quantitative PCR confirmed no change in Shh but increases in all readouts in E16.5 Fgfr2 BMϪ/Ϫ versus control bladders (Fig. 11) . Finally, Western blot analysis also showed increased Gli1 protein expression in E16.5 Fgfr2 BMϪ/Ϫ versus control bladders (Fig. 11) . Thus, while Shh levels appeared equivalent, Shh signaling was inappropriately increased in E16.5 Fgfr2 BMϪ/Ϫ bladders. Shh signaling can be enhanced by ectopic expression of cell surface coreceptors Gas1, Boc, and Cdo (1) . While quantitative PCR revealed equivalent Gas1 expression in E16.5 Fgfr2 BMϪ/Ϫ and control bladders, Fgfr2 BMϪ/Ϫ bladders exhibited increased Boc and Cdo levels versus control bladders (Fig. 12) . In situ hybridization revealed increased Boc expression in mutant periurothelial lamina propria and in muscle adjacent to the lamina propria versus controls (Fig. 12) . Cdo expression in control bladders was restricted to the muscle adjacent to the lamina propria and outer serosa, while Fgfr2 BMϪ/Ϫ bladders had stronger and diffuse Cdo expression throughout the smooth muscle layer (Fig. 12) . Thus, it is likely that the increases in Shh activity are mediated by increases in Boc and Cdo expression in the E16.5 Fgfr2 BMϪ/Ϫ bladder mesenchyme.
DISCUSSION
In a previous publication (32) using the Tbx18cre line to delete Fgfr2, we focused on how loss of the receptor in E10.5 peri-Wolffian duct stroma led to ureteric bud induction defects, abnormal ureteral insertion into the bladder, and high rates of postnatal vesicoureteral reflux. For that study, we only aged mice to P1 and did not systematically examine bladders for structural defects (other than to note that mutants did develop a relatively "normal"-appearing lamina propria and muscle layers based on H&E staining). Subsequent to that study, we noted that mutant mice aged to P30 had obvious bladder histological defects that could not be explained by ureteric induction defects and reflux. Thus, based on the known expression of Tbx18 in the bladder mesenchyme as early as E13.5 (http://www.gudmap.org), we first confirmed that the Tbx18cre line was expressed in and efficiently deleted Fgfr2 in the bladder mesenchyme (Fig. 1) . We then began a systematic assessment of structural and functional bladder defects in Tbx18creFgfr2 Lox/Lox mice. We ultimately noted that there were indeed changes in mutant E16.5 and early postnatal bladder mesenchyme tissue volumes and composition that had dramatic structural and functional consequences in older postnatal mice.
To our knowledge, Fgfr2 is now only the third known signaling pathway critical for bladder mesenchyme patterning, outside of Shh and the transforming growth factor-␤ superfamily signaling (5, 7, 8, 14, 20) . Interestingly, previous studies (17, 20) have indicated that both Shh and transforming growth factor-␤ signaling families, in particular Bmp4, are tightly associated (17, 20) . While Shh signaling has been shown to modulate smooth muscle differentiation directly, Shh can also regulate the expression of Bmp4, a factor itself capable of inducing smooth muscle patterning (6, 27) . In the present study, we demonstrated that Shh signaling activity and Bmp4 expression are concurrently increased in the Fgfr2 BMϪ/Ϫ bladder mesenchyme, suggesting two possible mechanisms for altered bladder patterning in our mice. The alterations in E16.5 Fgfr2 BMϪ/Ϫ bladder patterning could be due to a combination of decreased cell survival, reduced proliferation, and altered cell fate determination. Indeed, TUNEL and phospho-histone H3 staining clearly showed that E16.5 Fgfr2 BMϪ/Ϫ bladder muscle layers have excessive apoptosis and decreased proliferation compared with agemated control bladder muscle layers, accounting at least in part for the reduction in muscle. However, the magnitude of these changes may not fully account for the degree of smooth muscle reduction in mutant bladders. Furthermore, Fgfr2 BMϪ/Ϫ lamina propria proliferation and apoptosis rates are equivalent to controls, yet total cell number per cross-section and cell density within the lamina propria are significantly increased, indicating that there must be another explanation for the expanded mutant lamina propria, such as a cell fate switch. Indeed, others have shown that hedgehog concentration determines cell fate in the embryonic bladder mesenchyme (4). Cao et al. (4) showed that culture of the fetal urothelium next to intact E13.5 bladders converts the adjacent putative muscle layer to a nonmuscle (i.e., "lamina propria") fate. Furthermore, coculture of the isolated embryonic bladder mesenchyme with the fetal esophagus, which has very high Shh levels, induces a larger zone of muscle inhibition and a thinner outer muscle layer than with other Shh-expressing epithelia (4). Thus, it follows that the enhanced Shh activity seen in the Fgfr2 BMϪ/Ϫ bladder mesenchyme likely contributes to a fate switch of some The means by which Fgfr2 represses Shh activity (and Bmp4 expression) in the embryonic bladder appears novel, namely, by dampening Boc and Cdo levels. A recent study (1) has shown that ectopic Boc and/or Cdo expression alone augment Shh activity. Furthermore, Cdo is required for esophageal smooth muscle morphogenesis and orientation (19) . Moreover, while a Shh signaling feedback loop may regulate Boc and Cdo levels, there are no published data on other genes or signaling pathways that limit Cdo or Boc expression (1). Thus, directly or indirectly, Fgfr2 appears to repress Cdo and Boc levels in the bladder. This may be relevant in other developing systems in which Fgf and Shh signaling interact.
The reduced bladder muscle volume and expanded lamina propria in Fgfr2 BMϪ/Ϫ bladders result in significant structural and functional changes postnatally. The muscle loss likely leads to the decreased contractility, whereas the increased collagen content likely leads to the poor compliance and high pressures seen in functional assays. One previous study (16) showed that an increase in total collagen and a reduction in the smooth muscle-to-connective tissue ratio was strongly associated with bladder dysfunction and a reduction in bladder wall elasticity in humans. Another study (26) found that an increase in the Col1-to-Col3 ratio, as seen in bladders of Col3a-deficient mice, impairs contractility in bladder strips. In Fgfr2 BMϪ/Ϫ mice, there appears to be a greater increase in Col1 expression than Col3 (particularly in P1 mice), which may further exacerbate the contractility defects seen in mutants.
Clinical studies have shown that 30 -40% of patients (namely children) with bladder dysfunction also exhibit vesicoureteral reflux (VUR) (29, 30) . In these patients, the risk of developing chronic kidney disease and reflux nephropathy is greatly increased above those with either VUR or bladder dysfunction alone (3) . Despite the apparent association between VUR and bladder dysfunction, there has never been an established genetic link between the two conditions. Our Fgfr2 BMϪ/Ϫ mouse model has both high rates of VUR (32) and significant bladder dysfunction, thus providing the first genetic link between the two conditions. It is possible that mutations in the FGF signaling pathway could drive lower urinary tract dysfunction and VUR in some patients with both conditions. Moreover, most children with dysfunctional voiding that present to pediatric urologists or nephrologists are typically thought to have psychosocial defects and not an underlying genetic predisposition. It is possible that permutations in FGF signaling may cause or exacerbate to this clinical condition.
Finally, this study is one of a series from our laboratory on varied (and occasionally opposite) roles of Fgfr2 signaling in the kidney and lower urinary tract mesenchyme. Here, we found that loss of Fgfr2 in the bladder mesenchyme results in embryonic bladder smooth muscle and lamina propria mispatterning and postnatal structural and functional bladder defects. Mechanistically, the embryonic bladder defects appear likely from inappropriate augmented Shh signaling, including increased Bmp4 expression, via derepression of Cdo and Boc. A previous study (18) revealed that Pax3cre-mediated loss of Fgfr2 and concurrent loss of Fgfr1 in the kidney metanephric mesenchyme led to severe defects in metanephric patterning due to excessive apoptosis and aborted ureteric bud induction; moreover, the mice failed to express early (and critical) markers of the metanephric mesenchyme, including Six2, Sall1, and Pax2, and had severely attenuated glial cell line-derived neurotrophic factor levels, likely leading to ureteric induction defects (18) . A followup study (23) revealed that while the IIIc isoform of Fgfr2 was most responsible for the early kidney defects seen in Pax3cre-Fgfr1 and Fgfr2 combined mutants, Fgfr2IIIb (the "epithelial" isoform) had an unexpected minor role in mesenchymal development.
More recently, we determined that blockade of Fgfr substrate (Frs)2␣-mediated Fgfr2 signaling concurrently with Pax3cre-loss of Fgfr1 in the early kidney mesenchyme resulted in a rescue of the severe renal dysgenesis seen in Pax3cre-Fgfr1 and Fgfr2 mutants; however, the former developed nonautonomous defects in the ureteric lineage characterized by excessive and mispatterned Ret expression, dilated and hyperproliferative ureteric tips, and ultimately renal cystic dysplasia (25) . Interestingly, the loss of Fgfr signaling in these Fgfr2-Frs2␣/Fgfr1 combined mutants resulted in attenuated Bmp4 expression (unlike the Tbx18cre-Fgfr2 bladder mutants, which had augmented Bmp4 expression). A final set of studies revealed how loss of Fgfr2 from the stromal mesenchyme investing the nephric duct early in kidney development led to ureteric induction defects; this, in turn, caused a range of anomalies, including duplex ureters and kidneys, obstructed hydroureter, renal hypoplasia, renal aplasia, and high rates of vesicoureteral reflux (11, 12, 32) . Moreover, as in the kidney mesenchyme, the loss of Fgfr2 expression in the perinephric duct stroma led to a decrease in Bmp4 expression opposite to what occurs with loss of Fgfr2 in the bladder mesenchyme.
